Partial agonists are ligands that bind to receptors but produce only a small maximum response even at concentrations where all receptors are occupied. In the case of ligand-activated ion channels, it has been supposed since 1957 that partial agonists evoke a small response because they are inefficient at eliciting the change of conformation between shut and open states of the channel. We have investigated partial agonists for two members of the nicotinic superfamily-the muscle nicotinic acetylcholine receptor and the glycine receptor-and find that the open-shut reaction is similar for both full and partial agonists, but the response to partial agonists is limited by an earlier conformation change ('flipping') that takes place while the channel is still shut. This has implications for the interpretation of structural studies, and in the future, for the design of partial agonists for therapeutic use.
. In the 1950s, agonists were discovered that could not produce such a large response even when they saturated the binding sites. These were called partial agonists. Here we find that taurine can hold the glycine receptor channel open for at most about 54% of the time. del Castillo and Katz 3 were the first to propose for an ion channel that when the receptor is occupied by a partial agonist the 'gating' equilibrium between open and shut conformations lies towards the shut side. This is equivalent to saying that agonists work because they have a higher affinity for the open state than the shut state 4, 5 , so their binding shifts the equilibrium towards the open state. The more efficacious the agonist, the greater is its selectivity for the open state. These views of partial agonism have persisted, essentially unchanged, for 50 years. However, recent findings suggest another possibility. W-value analysis indicates that, after binding, nicotinic receptors move through a number of brief intermediate shut states, a 'conformational wave', before the channel opens [6] [7] [8] [9] [10] . Our own work on glycine receptors suggested that it is possible to detect and measure the properties of an intermediate conformation, which we refer to as 'flip' 2 . The flipped receptor has a higher affinity for the agonist than the resting receptor, so it is a sort of activated, pre-open state. Higher affinity could result from domain closure around the bound agonist, a phenomenon that is clear in structures of extracellular domains of glutamate channels 11, 12 , but less obvious in the nicotinic superfamily 13, 14 , where binding sites are at the interface between subunits. Here we investigate two partial agonists, taurine for glycine receptors, and tetramethylammonium (TMA) for nicotinic receptors. When our single-channel measurements are interpreted in terms of the flip mechanism, it is found that the open-shut reaction is remarkably similar for full and partial agonists. In both receptors, partial agonism originates from a reduced ability to flip, rather than a reduced ability to open. From the viewpoint of selective affinity, it is a low affinity for the flipped state, relative to the resting state, that makes an agonist partial, rather than low affinity for the open state, relative to the resting state, as previously supposed. This interpretation places the root of partial agonism early in the chain of events that follow binding. It provides an experimental verification for W-value analysis 6,9,10 as well as a functional counterpart for future structural measurements and it may be exploitable in rational drug design. Figure 1a shows raw single-channel data for three concentrations of a full agonist, glycine, and a partial agonist, taurine, on rat heteromeric a1b glycine receptors. At the highest concentrations it is obvious that the channel is open for more of the time with glycine than with taurine.
Results with the glycine receptor
At 1-100 mM taurine, openings occurred in long clusters separated by long shut periods, presumably sojourns in long-lived desensitized states. Below 1 mM, openings were sparse and occurred in short bursts of openings separated by short shuttings (Fig. 1c) .
The probability of being open, P open (the fraction of time for which the channel is open; that is, the ratio between total open time per cluster and cluster length), reached a maximum of about 96% for glycine but only 54% for taurine (Fig. 1b) . Unlike nicotinic channels, there was no sign of channel block by the agonist itself.
Plotting the distributions of apparent shut times ('apparent' means what is observed, as distorted by our inability to detect short events) shows that for both the partial agonist, taurine, and the full agonist, glycine, the mean lifetime of the brief shuttings is very similar, being between 10 and 14 ms, irrespective of concentration 2 ( Fig. 1d) .
To investigate what mechanisms might underlie our observations, we fitted putative mechanisms to the data with our HJCFIT method. This method maximizes the likelihood of the entire sequence of openings and shuttings, with exact allowance for missed events. Simulation studies 2, 15 showed that this method is capable of estimating up to 18 rate constants with values as fast as 130,000 s 21 . To estimate all the rate constants it is necessary to fit simultaneously a set of recordings at different agonist concentrations. First the mechanism to be tested must be postulated. We shall concentrate here on the flip mechanism (Fig. 2a) because it provides a realistic description of the wild-type glycine receptor 2 (see discussion below).
It was not possible to use taurine concentrations lower than 1 mM, for technical reasons described in Supplementary Information. Thus, it is not surprising that initial fits suggested that there were few monoliganded openings in our records. Therefore monoliganded flipped and open states were not included in the mechanism in the final fits (Fig. 2a, grey regions) . Figure 2 shows the results of a fit to a set of three records with 3, 10 and 100 mM taurine. It shows that the flip mechanism can, with a single set of rate constants, predict well the observed open and shut times at all three concentrations and the observed P open curve (continuous lines in Fig. 2b, c) .
The average rate constants from nine recordings fitted as three independent sets (Table 1 Fig. 4b with a mixture of exponentials using EKDIST, so they are descriptive and not mechanism dependent. 
Frequency density 0.15, so 87% of fully liganded shut receptors will be in the resting conformation, not in the flipped, pre-open conformation. This is summarized in Fig. 3 . A schematic representation of the three states (resting, flipped and open) visited by the fully liganded receptor is shown in Fig. 3a . The rates of transition between states are indicated by the size of the arrows (Fig. 3b) , for glycine and taurine. The openshut transition is similar for both agonists. Another way to look at that is through the energy diagram in Fig. 3c , in which the paths for the open-shut transition almost superimpose. The energy diagram shows also that the transition from resting to flipped state is downhill for glycine but uphill for taurine. The overall energy change, from resting to open state, is downhill for glycine, but nearly level for taurine, as expected because the channel is open for about half the time in saturating taurine. In the case of taurine, the transition from resting to flipped is slow, so the mean lifetime of the saturated resting state is much longer than for glycine ( Fig. 3b ; see also animation in Supplementary Information) and this is why taurine is a partial agonist.
Another way to look at this result is that the effectiveness of an agonist depends largely on its relative affinity for resting and flipped conformations, rather than, as previously supposed, its relative affinity for resting and open conformations. Glycine binds with 65-times greater affinity to the flipped conformation than to the resting state, but taurine binds only slightly (about 1.5-fold) more tightly. Most of this difference arises from the lower affinity of taurine for the flipped state. Figure 4a depicts cell-attached activations of human muscle nicotinic receptor elicited by the full agonist acetylcholine (2100 mV transmembrane potential) and by the partial agonist TMA (280 and 180 mV).
Results with the nicotinic receptor
At negative membrane potentials, an acetylcholine-activated channel is practically always open at saturating agonist concentrations (94% of the time), whereas a TMA-bound channel can open for only 78% of the time (Fig. 4c) .
TMA recordings showed many brief shuttings, which resemble closely those seen with the full agonist, acetylcholine (mean duration about 13 ms at negative potentials 1 ) (Fig. 4b) . The time constant of the fastest component did not vary noticeably with TMA concentration, but was briefer at negative (12.8 6 0.46 ms, 13 patches) than at positive (27.9 6 1.9 ms; 7 patches) membrane potentials. Brief shuttings cannot be attributed entirely to channel block because they were frequent at positive as well as at negative membrane potentials. Figure 4d shows an important difference between nicotinic and glycine receptors. At negative potentials the amplitude of the openings appears to decrease progressively as agonist concentration increases. This is because in nicotinic receptors the agonist can bind to a second, lower affinity site in the channel pore and produce fast block. Both openings and blockages are very brief and failure to resolve them results in the apparent decrease in channel amplitude (equilibrium constant for TMA block, K B , 8.9 6 0.6 mM). At 180 mV there is little or no block, as expected [16] [17] [18] : channel amplitude is not affected by TMA concentrations as high as 100 mM, the highest on our P open curve. At 180 mV both agonists are less efficacious than at negative potentials: a fully TMA-bound channel opens only for 16% of the time compared with 59% for acetylcholine (Fig. 4a, c and Supplementary Fig. 3 ).
The original motive for the flip mechanism was to describe in a physically plausible way the apparent strong interaction between binding sites in glycine receptors when conventional mechanisms were fitted 2 . That sort of apparent interaction is much less pronounced for the nicotinic receptor. Nevertheless the flip mechanism fitted nicotinic data well, and it has the virtue of obviating the need to add arbitrary shut states in order to get a good fit 1, 19 . Once the channel has reached the flipped intermediate state, it opens quickly, regardless of which agonist is bound. The probability of opening, rather than unflipping, is over 96% for both agonists, so a burst of many openings results. c, An energy diagram for the three states of the saturated receptor, for full agonist (glycine, orange) and partial agonist (taurine, green). Again, the difference lies largely in the resting-flipped transition. As indicated by arrows, the transition from resting to flipped is downhill for glycine, but uphill for taurine. Figure 5 shows part of the results of fitting TMA records with the mechanism in Fig. 5a (see also Supplementary Figs 4 and 5 and Table 1 ). At 280 mV the largest TMA concentration used for fits was 30 mM because channel block became too pronounced at higher concentrations (Fig. 4d) . Again the distributions of apparent dwell times and the P open curve are predicted well by the results of the fit (Fig. 5b, c) .
The fully liganded opening rate (b 2 ) at 280 mV is about 71,000 s 21 , very similar to the value for acetylcholine (88,000 s 21 ).
The shutting rates also are almost identical, with a 2 5 2,560 s 21 for acetylcholine and 2,520 s 21 for TMA. Consequently, the fully liganded gating constant, E 2 , is similar for acetylcholine and TMA. Again, what differs between full and partial agonist is the flipping step. For acetylcholine the flipping equilibrium constant, F 2 , is 3.8 but for TMA it is only 0.14, so TMA has a far smaller ability to elicit the pre-open flipped state than acetylcholine, and that is why it is a partial agonist.
It is important to rule out the possibility that these results could be influenced by channel block because at the highest TMA concentration occur with both partial and full agonists and cannot be attributed entirely to channel block. a, Single channel currents produced by a full agonist (acetylcholine) and a partial agonist (TMA, openings downwards in the first six rows). ACh, acetylcholine. b, Short shut times are a major feature of shuttime distributions irrespective of agonist, voltage and concentration (see Supplementary Figs 2 and 4) . Some of these brief shuttings could result from fast open-channel block at negative potentials, but not at positive potential, when open-channel block is essentially absent. c, Open probability reaches a maximum of 0.94 (60.004) for acetylcholine at 2100 mV but is lower (0.59 6 0.01) for acetylcholine at 180 mV and for TMA at 280 or 1 80 mV (0.78 6 0.05 or 0.16 6 0.02, respectively) (2-4 patches per point, 6s.e.m.; Hill equation fits). These fits give also: for acetylcholine 2100 mV, concentration for 50% of maximum response (EC 50 ) 5 5.3 6 0.2 mM and Hill coefficient (n H ) 5 1.7 6 0.1; for acetylcholine 180 mV, EC 50 5 29 6 2 mM and n H 5 1.7 6 0.1; for TMA 280 mV, EC 50 5 2.2 6 0.5 mM and n H 5 1. ARTICLES fitted (10 mM), channels are blocked for about half the time at 280 mV. The experiments were therefore repeated at positive membrane potential, 180 mV, where block is essentially absent (Fig. 4d) . Short shuttings are still present at positive membrane potentials, so they cannot all be caused by brief channel blockages. The open-shut equilibrium constant is reduced about tenfold at 180 mV (Table 1) , so acetylcholine itself becomes a partial agonist 18 ( Fig. 4c and Supplementary Fig. 3 ). The maximum P open for acetylcholine is reduced from 94% at -100 mV to about 60% at 180 mV and the maximum P open for TMA is reduced from 78% to 16%. So TMA is still much less efficacious than acetylcholine when the complication of block is removed, and for exactly the same reason. The open-shut equilibrium constant for TMA at 180 mV (E 2 5 2.8) is almost the same as that for acetylcholine (E 2 5 3.1), but again the flipping equilibrium constant for TMA, F 2 , is very small, only 0.06, almost 20-fold less than for acetylcholine, so this remains the reason why TMA is a partial agonist.
Discussion
Our analysis of single-channel data suggests that in the nicotinic superfamily partial agonism is not, as has been supposed for 50 years, a property of the open-shut transition, but arises in the earlier conformation change from the resting state to an intermediate pre-open (or 'activated') conformation dubbed the flip state. The same conclusion was reached for two members of this superfamily: the nicotinic acetylcholine receptor and the heteromeric glycine receptor. Figure 3 represents schematically the states visited by the agonistbound channel during activation and summarizes our quantitative findings for the glycine receptor.
The conclusion that the final step in activation, channel opening, is much the same for full and partial agonists comes from the observation that both partial and full agonists produce similar brief shuttings (7-8 ms on average for both glycine and taurine). It has been supposed since 1981 (refs 20, 21 ) that these brief closures are mostly oscillations between the open state and the immediately preceding fully liganded shut state (here the flipped intermediate), and therefore reflect the properties of the open-shut reaction. The similarity in the open-shut transition for the two agonists is obvious from the fact that the energy profile for this step is almost identical for glycine and taurine (Fig. 3c) .
It has been known for a long time 22 that the conductance of single channels is the same whichever agonist activates them. It is intriguing that we now find that not only the conductance but also the opening and shutting rate of channels do not vary greatly between full and partial agonists in the nicotinic superfamily.
The maximum P open response that can be obtained has always been assumed to depend only on the equilibrium constant for the openshut step (E), being E/ (1 1 E) (ref. 23) . In the context of the flip mechanism, the maximum response depends not only on E but also on the equilibrium constant for flipping, F. The maximum P open becomes E eff / (1 1 E eff ) , where E eff 5 EF/(11F). Here this effective gating constant, E eff , is about 19 for glycine but only 1.2 for taurine, largely because F is lower for the partial agonist. For taurine, the early conformational step is uphill energetically (green arrow in Fig. 3c) , and it is much slower than it is for glycine (illustrated by the size of the arrows in Fig. 3b; Supplementary Table 1) . The equilibrium between resting and flipped favours the resting state, in which taurine-bound channels spend much more time (on average 1,350 ms) than glycinebound channels (48 ms).
Our interpretation places the origin of partial agonism at an earlier stage in the activation process than before. This is entirely consistent with the conclusion of a previous study 6 , in which the analysis of linear free-energy relationships implied that the differences between nicotinic agonists lie early in the activation process, quite close to the transmitter binding site. Indeed calculation of the W value for the overall resting-to-open transition gives a value close to 1, as that study found 6 (Supplementary Information). Our result also explains the observation that the conformation change close to the membrane, in the M2-M3 region, appears to be similar for both glycine and taurine, as judged by the reaction rate with a cysteine-reactive compound 24 . We may speculate that flipping corresponds to the domain closure around the bound agonist seen in the extracellular domain of glutamate channels and, to a lesser extent, in the acetylcholine binding protein [11] [12] [13] [14] . This structural work cannot be compared directly with our results because it all comes from non-functional receptors, does not tell us how fast domain closure is, how it changes agonist affinity in the intact channel or how it relates to channel opening.
Our single-channel work allowed us to obtain a functional characterization of a partially activated intermediate state, to measure exit and entry rates into this state and its average lifetime with different agonists in two nicotinic superfamily channels. This finding will constrain and inform computational simulations of the dynamics of channel activation and influence the interpretation of structural studies. In addition to that, our findings may also help reinterpret earlier mutation studies, as the greater detail of our model now shows that what was called 'affinity for the resting state' may reflect also the higher affinity for a partially activated intermediate. This could perhaps account for the awkward observation that some mutations that are nowhere near the binding site nevertheless appear to affect largely the agonist binding to the resting state 25 . Another implication testable by structural data is that partial and full agonists should differ in their interaction with the portion of the binding site that moves during domain closure.
METHODS SUMMARY
Cell-attached single-channel currents were recorded from HEK293 cells expressing 26 human adult muscle nicotinic receptors or rat a1b glycine receptors. Rate constant values were estimated by direct model fitting to sets of records idealized by time-course fitting (HJCFIT and SCAN programs, respectively; http://www.ucl.ac.uk/Pharmacology/dc.html).
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
